There are several aspects of HLA-C gene expression that distinguish it from the HLA-A and HLA-B genes. First, HLA-C is expressed by extravillous trophoblasts, whereas HLA-A and HLA-B are not. Second, its cell-surface expression is much lower, which has been linked to changes in transcription and efficiency of peptide loading and export. Third, HLA-C possesses a NK cell-specific promoter and a complex alternative splicing system that regulates expression during NK cell development. In this study, we investigate the contribution of the HLA-C core promoter to trophoblast-specific expression. Analysis of transcription start sites showed the presence of a trophoblast-associated start site and additional upstream TATA and CCAAT-box elements in the HLA-C promoter, suggesting the presence of an overlapping trophoblast-specific promoter. A comparison of in vitro promoter activity showed that the HLA-C promoter was more active in trophoblast cell lines than either the HLA-A or HLA-B promoters. Enhanced trophoblast activity was mapped to the central enhanceosome region of the promoter, and mutational analysis identified changes in the RFX-binding region that generated a trophoblast-specific enhancer.
| INTRODUCTION
HLAs expressed by fetal extravillous trophoblasts (EVT) play a vital role in regulating the immune response at the maternal-fetal interface. 1 During pregnancy, trophoblasts invade the decidua, and despite expressing paternallyderived HLA molecules, the fetus survives without rejection. 2 Unlike most tissues, which express HLA-A, HLA-B, HLA-C, and HLA-E, EVT are unique in that they lack expression of HLA-A and HLA-B, but express HLA-C together with the nonclassical major histocompatibility complex (MHC) class I HLA-E and HLA-G molecules. [3] [4] [5] HLA-C is the most recently evolved HLA gene, and it is assumed to have developed primarily as a ligand for the KIR2D family of receptors expressed by NK cells, because its appearance in higher primates correlates with the expansion of the KIR2D receptor family. 6 All of the HLA-C alleles produce proteins that are recognized by at least one KIR2D, whereas HLA-A and HLA-B only have a subset of alleles that can be recognized by KIR3D receptors. 7 In addition, HLA-A and HLA-B cell surface expression levels are 13 to 18 times higher than HLA-C, 8 suggesting that the principal function of HLA-C is the regulation of NK cell responsiveness rather than antigen presentation to T cells. The recent discovery of an NK-specific promoter and a complex alternative splicing mechanism controlling HLA-C expression in developing NK cells provides further evidence for the emergence of HLA-C as a specialized ligand for the KIR family of MHC class I receptors. 9 Jenna K. Johnson and Paul W. Wright contributed equally to this study.
Reproductive fitness may represent the major driving force for HLA-C evolution in humans and great apes, because KIR:HLA-C interactions have been shown to play a role in pregnancy outcomes. 10 Uterine NK cells are the dominant lymphocyte present in the decidua, consistent with NK cell recognition of fetal HLA-C by KIR being a major factor in the regulation of fetal tolerance. 11 Distinct combinations of maternal KIR and fetal HLA-C alleles are associated with either preeclampsia and low birth weight, or obstructed labor, [12] [13] [14] suggesting a strong influence of KIR:HLA-C recognition on successful reproduction. With regard to the unique HLA expression profile observed on trophoblast cells, the mechanisms by which HLA-A and HLA-B are inhibited, and HLA-C is preferentially expressed, have not been elucidated. The HLA-G gene is uniquely expressed in the placenta, and a recent study has identified an enhancer 12 kb upstream of HLA-G that is required for HLA-G expression in trophoblasts. 15 The binding of C/EBPβ and GATA2/3 transcription factors (TF) is required for HLA-G enhancer function, and these TFs are highly expressed in human placenta. The mechanisms responsible for the specific expression of HLA-C in trophoblasts are likely to be distinct from HLA-G, because HLA-B and HLA-C are adjacent genes located more than 1 mb from the HLA-G gene. The close proximity of HLA-B and HLA-C suggests that there may be trophoblast-specific elements in HLA-C, even though the HLA-B and HLA-C promoter regions possess greater than 90% homology. NLRP2 has been shown to suppress HLA-C expression in trophoblasts, however there is no indication that this molecule is involved in tissue-specific expression. 16 The detailed analysis of the HLA-C promoter conducted in the current study has identified a trophoblast-specific transcription start site (TSS) approximately 30 bp upstream of the TSS observed in other cell types, indicating that trophoblast-specific elements are embedded in the core promoter region. Comparison of the HLA-A, HLA-B, and HLA-C core promoters showed the presence of HLA-C specific polymorphisms that generated novel HLA-C-specific transcription factor binding sites. in vitro analysis of promoter activity identified HLA-C-specific TF-binding sites in the central enhanceosome region that are required for trophoblast-specific transcriptional activity.
| MATERIALS AND METHODS

| Cell lines
Human Embryonic Kidney (HEK) 293 T cells were cultured in DMEM media (Sigma-Aldrich, St Louis, Missouri) containing 10% fetal bovine serum (FBS), 100 U/mL each of penicillin and streptomycin, plus L-glutamine (PSG), and sodium pyruvate. The choriocarcinoma cell lines JAR and BeWo were purchased from the American Type Culture Collection (ATCC, Manassas, Virginia) and were maintained according to the supplier's instructions. JAR cells were cultured in RPMI 1640 media with 10% FBS and PSG. BeWo cells were cultured in Ham's F-12K with L-glutamine media (ATCC) with 10% FBS and PSG. All cells were maintained at 37 C in a 5% CO 2 atmosphere. 150 bp in length to synthesize a complete 220 bp core promoter region containing specific sequence elements of either HLA-A or HLA-C. The fidelity of all constructs was verified through sequencing.
| Cell transfection and luciferase assays
The JAR, BeWo, and HEK293T cells were used because of their ability to be efficiently transfected using lipid-based transfection, thereby producing high levels of luciferase activity. A DNA mixture containing 500 ng to 2.5 μg of the HLA promoter construct (500 ng for HEK293T, 1 μg for JAR, and 2.5 μg for BeWo cells) and 20 to 500 ng of pRL-SV40 Renilla luciferase control DNA was then added to each and incubated at room temperature for 30 minutes. After 48 hours of incubation, cells were lysed and analyzed for promoter activity using the Dual-Luciferase Reporter Assay System (Promega) according to the supplier's instructions. Measurement of the firefly luciferase activity of the HLA promoter constructs was normalized relative to the Renilla luciferase activity produced by the pRL-SV40 control vector. Each construct was tested in triplicate in at least four independent experiments.
| Electrophoretic mobility shift assays
Nuclear extracts were prepared from cell lines using the CellLytic NuCLEAR extraction kit (Sigma-Aldrich). [32P]-labeled double-stranded oligonucleotides were purified using mini Quick Spin Oligo Columns (Roche Diagnostics, Indianapolis, Indiana). DNA-protein binding reactions were performed in a 10-μL mixture containing 5 μg nuclear protein and 1 μg poly[dI-dC] (Sigma-Aldrich) in 4% glycerol, 1 mM MgCl 2 , 0.5 mM ethylenediaminetetraacetic acid, 0.5 mM dithiothreitol, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5). Nuclear extracts were incubated with 1 μL 32P-labeled oligonucleotide probe (10 000 cpm) either alone, in the presence of specific antibodies (Santa Cruz Biotechnology, Dallas, Texas), or with unlabeled consensus TF-binding oligos (Santa Cruz), incubated at room temperature for 20 minutes, and then loaded on a 5% polyacrylamide gel (37:5:1). Electrophoresis was performed in 0.5× TBE for 2 hours at 130 V, and the gel was visualized by autoradiography.
| Statistical analysis
One-way ANOVA, the Kruskal-Wallis test, was performed using GraphPad Prism version 7 for Mac OSX, GraphPad Software (La Jolla, California), and a P value less than 0.05 was considered significant.
| RESULTS
| Identification of a trophoblast-specific TSS in the HLA-C core promoter
In order to gain insight into the mechanisms responsible for the selective expression of HLA-C by trophoblast cells, we analyzed HLA-C TSSs in trophoblasts to determine if a separate trophoblast-specific promoter was present. 5 0 RACE was performed with primers located in exon 1 of the HLA-C gene. Two novel TSS in the HLA-C core promoter were identified using RNA from BeWo cells and placental RNA.
( Figure 1A ). These start sites are 32 and 34 nucleotides upstream from the principal HLA-C proximal promoter TSS used in most tissues that have been studied. The presence of trophoblast-specific TSS in this region was supported by a search of the GenBank EST database which identified two clones from a placenta cDNA library that had TSS within seven nucleotides of the trophoblast TSS identified by 5 0 RACE (GenBank #s DA847926 and DA831787). In light of our recent discovery of an NK-specific promoter 1.3 kb upstream of the core HLA-C promoter, 9 we used a series of primers upstream of all known TSS to determine if an additional upstream promoter was active in trophoblasts. No TSS upstream of the core promoter region was detected in any of the trophoblast cell line or placental RNA samples tested. Therefore, the trophoblast-specific TSS that we have observed indicate that there is a trophoblast-specific promoter overlapping the proximal core promoter region of the HLA-C gene.
3.2 | Comparison of the HLA-A, HLA-B, and HLA-C promoters shows a duplication of core elements in the HLA-C promoter A close examination of the promoter region of the HLA-A, HLA-B, and HLA-C genes shows a remarkable duplication of the CREB, NF-Y (CCAAT box), and TBP (TATA box) binding sites that is specific to the HLA-C promoter, with nearly identical spacing and position relative to the TSS of the core promoter vs the trophoblast TSS ( Figure 1B) . The additional predicted CREB-binding site present in the HLA-C gene has a single non-consensus nucleotide, however it is identical to the CREB site of the HLA-A gene, and this variation did not affect the CIITA-mediated transactivation of the HLA-A promoter. 17 Other than the single nucleotide difference in the HLA-A CREB site, the CREB, NF-Y, and TBP -binding sites associated with core promoter activity are conserved among all three genes. However, the additional CREB and NF-Y sites present in the HLA-C gene are disrupted by non-consensus SNPs in the HLA-A and HLA-B genes ( Figure 1A ). Figure 1A ) was cloned into the pGL3 reporter vector. The promoter activity of the construct was assessed in the HEK293T cell line, and compared with the activity observed in BeWo and JAR trophoblast cell lines (Figure 2) . In HEK293T cells, HLA-A and HLA-B promoter activity was similar to HLA-C promoter activity. However, in the two trophoblast cell lines, HLA-C promoter activity was approximately 2 to 3-fold higher than HLA-A and HLA-B promoter activity ( Figure 2 ). This indicates the presence of trophoblast-specific elements in the HLA-C core promoter region.
| The central region of the HLA-C promoter is associated with trophoblast-specific expression
The core promoter of the HLA-C gene can be divided into three functional regions, all of which contain potentially disruptive polymorphisms in key transcription factor binding contains the NF-Y and TBP-binding sites associated with the core promoter, and both TSS regions. In order to determine which region(s) of the core promoter region are important for trophoblast-specific transcription of HLA-C, chimeric promoter constructs were generated. Long PCR primers (100-150 bp) were used to generate all possible combinations of HLA-A and HLA-C sequences within each of these three areas in the core promoter. The 5 0 domain includes sequence up to and including the IRF site. The central region contains both CREB sites, the additional HLA-Cspecific NF-Y site, ETS/RFX sites, and ends at the STAT6/ TBP site. The 3 0 region contains the conserved NF-Y, TBP, and TSS sites associated with the principal TSS site used by HLA-A, -B, and -C ( Figure 1A ). As shown in Figure 3 , six different chimeras of the HLA-A and HLA-C promoters were generated (A/A/C, A/C/C, A/C/A, C/C/A, C/A/A, and C/A/C). In BeWo and JAR cells, constructs that contained the HLA-A sequence from the central region had significantly lower promoter activity as compared with constructs with HLA-C sequence in the central region ( Figure 3 ). In contrast, the 5 0 and 3 0 regions of the core promoter had little impact on promoter activity, with the exception of the A/C/A construct that had 50% greater activity than the native HLA-C promoter in BeWo cells. This may be due to the presence of a functional NF-κB site in the 5 0 region of the HLA-A promoter. There was no significant difference in promoter activity between any of the constructs in HEK293T cells, indicating that variation within the central promoter region is important for the preferential expression of HLA-C by trophoblast cells.
| Identification of the ETS/RFX region of the enhanceosome as the primary trophoblast-specific element
In order to identify the contribution of each HLA-C-specific promoter element in the central region to trophoblastspecific transcriptional activity, site-directed mutation of the upstream CREB, NF-Y, and putative ETS/RFX binding sites was performed. The insertion of the HLA-C CREB and NF-Y binding sites into the HLA-A promoter either alone or in combination, did not have a significant effect on promoter activity in either the BeWo or JAR trophoblast lines (Figure 4 ). However, these changes did result in decreased activity in the HEK293T cell line. Conversely, mutation of these sites in the HLA-C promoter to the HLA-A sequence did not decrease promoter activity in any of the cell lines tested. However, insertion of the ETS/RFX element of HLA-C into the HLA-A promoter resulted in promoter activity in trophoblast cell lines that was comparable to that of HLA-C and produced a 2-fold increase in activity in HEK293T cells. Conversely, mutation of the HLA-C ETS/RFX element to the HLA-A sequence decreased promoter activity to the level observed with the wild-type HLA-A promoter in the trophoblast lines and resulted in higher activity in HEK293T cells. These results implicate the ETS/RFX site of the HLA-C promoter in trophoblastspecific activity. This element overlaps with the RFXbinding site characterized in the HLA-B gene, 19 and is also referred to as the X1 site. 17 The RFX binding consensus Figure 1A ). RFX cooperates with CREB and NF-Y to recruit CIITA, as shown for the class II genes. 19 Because CIITA is not expressed in trophoblasts, and it cannot be induced by IFN-γ, 20 the altered RFX site of the HLA-C gene may recruit the CBP/p300 coactivators via ETS molecules in trophoblasts. 21, 22 3.6 | EMSA analysis of the enhanceosome region shows the presence of distinct complexes in the HLA-A, HLA-B, and HLA-C genes An electrophoretic mobility shift assay (EMSA) was performed using oligonucleotide probes containing the upstream CREB element (UP-CREB), ETS/RFX element, and previously characterized CREB-binding site of the HLA-A, HLA-B, and HLA-C genes ( Figure 5A ). Because the HLA-A gene possesses a predicted CREB-binding site that differs from the consensus by a single nucleotide, and this sequence is duplicated upstream in the HLA-C gene, we tested the transcription factor binding properties of these sites. Surprisingly, the HLA-A CREB site ( Figure 1A ) and the HLA-C upstream CREB site only showed very weak CREB protein complexes, indicating that the single 3 0 nucleotide change had a significant effect. However, the upstream HLA-A*01 CREB site bound to CREB strongly, even though it differed from the CREB-binding consensus at two 5 0 nucleotides. Supershift analysis confirmed that the observed complexes contained CREB (data not shown). Surprisingly, the upstream HLA-A*02 CREB site did not show any CREB binding. The upstream HLA-B CREB site did not produce any complexes, indicating that only the HLA-A*01 upstream CREB site is functional. Therefore, each gene has a single strong CREB-binding site, the upstream site in some HLA-A alleles and the downstream CREB site in the HLA-B and HLA-C genes. The distinct CREBbinding properties of HLA-A alleles suggests that there may be differences in the transactivation of alleles that differ in the CREB-binding ability of the core promoter enhanceosome.
| HLA-C-specific ETS/RFX-region complexes contain ETS family members
The core GGAA sequence of the predicted ETS-binding element that overlaps with the RFX-binding element is conserved in all three genes ( Figure 1A) . A shared complex observed with all probes and in all cell lines tested, was found to contain the ETS family member ELF1 by supershift analysis (Figure 5A-C) . However, distinct protein complexes were observed with each of the ETS/RFX probes. The HLA-C specific complex observed was competed with a consensus ETS-binding site ( Figure 5B ), indicating that an ETS family member was binding to the trophoblast-specific HLA-C element. The weak inhibition of the ELF1 complex observed with the STAT consensus oligonucleotides is likely due to the presence of the core GGAA sequence in all of the STAT consensus sequences. A recent study of enhancers activated during trophoblast invasion of the placenta implicated AP1, ETS, and Tcfap2-binding sites with invasion, 23 and RNA-seq showed that ETS2 and ELF3 expression is highly induced during invasion. Therefore, we tested the effect of ETS2 and ELF3 antibodies on the HLA-C complexes. ELF3 antibody produced a supershifted complex, implicating this transcription factor in trophoblast-specific enhancer activity. The principal difference between the HLA-C and HLA-A/HLA-B enhanceosome region is the loss of the RFX-binding site in the HLA-C gene, suggesting that RFX binding prevents binding of ELF3 to this region. However, the G to A change that disrupts the RFX site also generates a potential C/EBP-binding site in HLA-C (TTCCTGAA; Figure 1A ) that differs from a consensus C/EBP site (TTGCGCAA) in the central region. In light of the identification of C/EBPβ as a key factor in the HLA-G enhancer, 15 we tested the ability of the HLA-C region to bind C/EBP. A P32-labeled consensus C/EBP-binding oligonucleotide produced strong complexes in the JAR cell line (data not shown), however, the unlabeled C/EBP consensus did not compete with any of the HLA-C complexes observed, excluding C/EBP as a component of the HLA-C core enhancer-binding complex ( Figure 5B ).
| DISCUSSION
There has been considerable interest in the mechanisms responsible for the unique expression pattern of class I MHC proteins observed in EVT. HLA-G expression is confined to trophoblasts, and it lacks the elements required for NF-κB, IRF, and CIITA-mediated induction found in other MHC class I and class II genes. 24 The lack of CIITAresponsiveness of the HLA-G gene is consistent with the absence of CIITA expression in trophoblasts, 20 and it has recently been reported that HLA-G expression is controlled by a distant trophoblast-specific enhancer. 15 In contrast, HLA-C is widely expressed, but is distinct from HLA-A and HLA-B in its ability to be expressed in trophoblasts. [3] [4] [5] In order to be expressed in trophoblasts, the HLA-C gene would require a CIITA-independent mechanism to recruit the CBP/p300 transcriptional coactivators required for chromatin remodeling at active promoters. Numerous TFs are able to directly recruit CBP/p300, 21, 22 including C/EBPβ, 25 which was found to bind to the HLA-G distal enhancer element. 15 The core promoter region of the HLA-B gene alone is sufficient to mediate tissue-specific expression in transgenic mice, 18 suggesting that the tissue-specificity of HLA-C could also be controlled by this region. In the current study, we report the discovery of trophoblast-specific elements within the HLA-C core promoter region. The enhanced transcriptional activity of HLA-C promoter constructs relative to HLA-A and HLA-B promoters in trophoblast cell lines was mapped to the central enhanceosome region of the core promoter. Although an initial comparison of this region suggested that an additional CREB-binding site was present in the HLA-C gene ( Figure 1B ), EMSA analysis showed that neither this site or the identical downstream CREB element in the HLA-A gene were able to bind CREB. This result is consistent with site-specific mutation studies indicating that the upstream CREB site is not associated with trophoblastspecific promoter activity ( Figure 4 ). However, mutation of the RFX-binding element was sufficient to switch the trophoblast specificity of HLA-A and HLA-C. Oligonucleotides containing the ETS/RFX region of the enhancer produced unique protein complexes for each of the HLA genes when tested using trophoblast nuclear extracts, consistent with this region playing a role in the distinct tissue specificities observed. The predicted RFX-binding site found in this region of the HLA-A and HLA-B genes contains a nonconsensus nucleotide in the HLA-C gene. The core ETSbinding element is conserved in all three genes; however, the 3 0 -flanking nucleotides are distinct. ELF-1 was found to bind to all three genes, however ELF3 was found to bind to the HLA-C element, suggesting that it may be a component of a trophoblast-specific enhancer complex. This is consistent with the recent observation of ELF3 upregulation during trophoblast invasion. Furthermore, ELF3 has been shown to interact with p300 and CBP, 26 thus providing a CIITAindependent mechanism to recruit the CBP/p300 transcriptional coactivators required for chromatin remodeling. Although C/EBPβ is highly expressed in placenta and the trophoblast cell lines used in this study, we did not detect any binding of this factor to the HLA-C enhanceosome, distinguishing this trophoblast-specific enhancer from the distal HLA-G enhancer. 15 The observed upregulation of Fos and
Jun in invading trophoblasts 23 may also enhance expression of HLA-C in trophoblasts, because a consensus AP1 element is present in the upstream NK-specific promoter, 9 and it may also function as enhancer element in trophoblasts. In conclusion, we have showed that the HLA-C promoter possesses trophoblast-specific activity that is associated with distinct TF-binding properties of the enhanceosome region of the core promoter as compared with HLA-A and HLA-B.
